Purpose To investigate longitudinal changes in peripapillary retinal nerve fiber layer (RNFL) thickness in patients with retinitis pigmentosa (RP). Methods We re-examined 103 RP patients whose RNFL thickness was previously examined and reported. RNFL thickness was measured using Stratus optical coherence tomography and was compared with the previous measurements. The results were also compared with that of previously reported normal subjects. Association between the decrease rate and visual acuity, and visual field was also investigated. Results The mean follow-up period was 56.9 months. After excluding the patients in whom RNFL images were of poor quality, 88 patients were eventually analyzed. The average RNFL thickness decreased from 105.8 to 98.2 mm during the period, with the average rate of decrease being 1.6 mm/year. The decrease in RNFL was more evident in superior and inferior sectors. Cross-sectional linear regression analysis also revealed an age-dependent decrease in RNFL, with the slower rate of decrease being 0.94 mm/year. The decrease in RNFL thickness was significantly faster than that reported in normal subjects. The decrease rate was not associated with visual functions. Conclusion Age-dependent RNFL thinning occurs at a faster rate in RP patients as compared with that in normal subjects. The result supports the notion that pathologic changes involve inner retina as well as outer retina in eyes with RP. Considering the discrepancy in the rate of RNFL thinning estimated from trend analysis and longitudinal measurement, care should be taken when interpreting the result of cross-sectional analysis.
Introduction
Retinitis pigmentosa (RP) is a hereditary heterogenous disease, which primarily affects rod photoreceptors. As a consequence of rod photoreceptor death, patients experience night blindness and peripheral visual field loss in the early stages of the disease. 1 Several therapeutic strategies for RP, including gene therapy, cell transplantation therapy, and retinal prosthesis have been intensively investigated in recent times. 2 Each of these has demonstrated promising effects, and some are currently under clinical trials. 3, 4 However, the effect of RP on the preservation of second or third neurons-which are necessary for conveying visual information to the lateral geniculate bodies or visual cortexremains unclear. 5 If the status of inner retina varies in each patient, selection of patients based on the preservation of inner retinal structures and functions would be helpful to achieve maximal effect from the treatments. 6 Histology studies concerning the status of the inner retina in RP are limited. [7] [8] [9] [10] These histologic reports showed that up to 75% of ganglion cell layer cells are retained in the macular area in patients with RP; 7, 8 however, the percentage decreases to 20-30% in extra-macular region 9 and 70-90% of total ganglion cells or their axons are lost eventually, 10 suggesting that inner retinal cells are partially preserved in RP, but degenerate as the disease progresses. These reports provide important information; however, the method of post-mortem analyses cannot be used for the evaluation of patient suitability for the future treatment.
Several groups, including ours, have attempted to evaluate the inner retinal status in vivo using optical coherence tomography (OCT) ( Table 1 ). For example, Walia et al 11, 12 reported abnormal thinning and thickening of the retinal nerve fiber layer (RNFL). The abnormal thickening of the RNFL was also observed by Hood et al. 5 Consistently, a recent study dealing with young subjects also showed relatively thick RNFL. 13 We have previously reported wide variations in RNFL thickness in RP patients albeit with the average thickness being similar to that in normal eyes. In addition, RNFL thickness in RP patients appears to decrease faster than that observed in normal eyes. 14 Anastasakis et al 15 used a more recent model of OCT and confirmed the abnormal thickening and thinning of RNFL. In addition, they reported a similar rate of age-dependent decrease in RNFL thickness. The effect of using different models of OCT can be estimated by the result of another recent report. 16 However, all these reports are cross-sectional studies, and information regarding the changes in RNFL thickness over time remains limited. The rate of agedependent change estimated from trend analysis does not necessarily coincide with longitudinal measurement. In fact, a recent study concerning the RNFL thickness in normal subjects revealed discrepancies in the longitudinal and cross-sectional data; 17 therefore, longitudinal measurement is necessary to evaluate time-dependent changes in RP patients in clinical practice.
In the present study, in order to evaluate longitudinal changes in RNFL thickness in RP patients, we re-examined patients in whom the RNFL thickness was previously assessed and reported B5 years ago. Further, we statistically analyzed these changes in RNFL thickness for age dependence and disease progress.
Materials and methods

Subjects
We re-recruited RP patients whose RNFL thickness results we previously reported in 2008. 14 The study sample consisted of 137 eyes from 137 RP patients (including two patients with Usher syndrome) who were first examined between January 2006 and April 2007. The exclusion criteria were as follows: best-corrected visual acuity worse than 0.1 (20/200), presence of optic nerve diseases or retinal vascular diseases, refractive errors greater than -6 D, OCT signal strength o6, or OCT image showed evident artifact. These patients were re-examined between May 2011 and April 2012 during a follow-up visit to our institution.
All procedures conformed to the tenets of the Declaration of Helsinki, and the study design was approved by the institutional review board and the ethics committee of the Kyoto University Graduate School of Medicine. The aim of the study and the measurement procedures were explained to the study participants. The review board waived the need for written informed consent. We certify that all applicable institutional and governmental regulations concerning the ethical use of human volunteers were followed during this research.
Patients were examined using the Stratus OCT (Carl Zeiss Meditec, Inc., Dublin, CA, USA), which is not a recent OCT; however, this was the model used in the previous study and was reused to avoid interdevice variations. Peripapillary RNFL was measured with the Fast RNFL scan option, comprising three circular scans of a diameter of 3.4 mm around the optic disc. As in the Longitudinal analysis of RNFL in RP A Oishi et al previous study, we excluded the patients in whom signal strength of the image did not reach 7 or in whom segmentation of the image exhibited artifacts. Among the measurement parameters, the RNFL thickness in the 12 divided sectors, quadrant sectors, and the average RNFL thickness were used for statistical analyses. In addition, according to the study of Wallia et al, 11 we counted the number of sectors showing abnormal thinning or thickening in 12 divided sectors. When the color map image showed yellow or red, the sector was judged as 'thinning' and white was judged as 'thickening'. 11 We assigned a visual field score for each case based on the previously reported system 14 with some modifications. Based on a previous histological report, which indicated that the central 10-and 30 degree of retina contains up to 34 and 69% of the total number of retinal ganglion cells, respectively, 18 we divided the visual field into concentric circles of central 0-10 degrees, central 10-30 degrees, and 430 degrees. Each concentric circle was further divided into quadrant sectors. Theoretically, each sector contains a similar number of ganglion cells (central 0-10 degrees: 8.5%, 10-30 degrees: 8.5%, and 430 degrees: 7.8%). We assigned a score for the remaining visual field measured with the V/4e isopter of Goldmann kinetic perimetry (GP). A score of 1 was assigned for the remaining visual field in each sector. When the remaining visual field occupied more than half but not the total extent of the sector, we gave a score of 0.5 ( Figure 1 ).
Statistical analysis
The statistical program SPSS version 19 (IBM Japan, Tokyo, Japan) was used for the analysis. Excel 2010 version 14.0.6112.5000 (Microsoft Japan, Tokyo, Japan) was also used to compare the present data with previously reported values. Descriptive analyses are reported as means±SD, unless otherwise specified. The average RNFL thickness, RNFL thickness of each sector, and signal strength of the OCT image in the present study were compared with the previous measurements using the paired t-test. To estimate the age-dependent decrease in RNFL thickness, a linear regression model was used with the average RNFL as the dependent variable, and age, refraction error, visual acuity, and the visual field score as independent variables. To investigate the effect of the changes in each parameter for changes in RNFL thickness, another linear regression analysis was performed with the change of average RNFL thickness as the dependent variable, and observation period, change of OCT signal, change of visual acuity, and change of visual field score as independent variables. Correlations between each parameter were further analyzed with Spearman's rank correlation test. P-values o0.05 were regarded as significant. We searched for previous reports on PubMed concerning Stratus OCT-measured RNFL of normal subjects. Among them, articles that included linear regression coefficients with 95% confidential intervals were selected for analysis. [19] [20] [21] [22] We calculated the SE from the 95% confidential intervals and compared these values with the measurements in the present study using the t-test.
Results
We successfully re-evaluated 103 (75.2%) patients out of the original population of 137 patients. Generally, the examination was performed smoothly; however, 15 patients were excluded due to poor OCT image quality (7 or worse; nine patients) and evident artifacts in RNFL segmentation (six patients). Poor image quality was due to progression of cataract, vitreous opacity, or fixation loss. A decrease in signal strength, which affects thickness measurement, 23, 24 was observed even in the included subjects (9.0±1.1-8.5±1.1, P ¼ 0.002). Thus, the final study population consisted of 88 patients (39 men and 49 women). At the initial examination, the mean age was 50. Table 1) . OCT images from a representative case are shown in Figure 3 .
A negative correlation was noted between the average RNFL and age;, using cross-sectional multivariate linear regression analysis, the RNFL thickness was noted to decrease by 0.94 mm/year (Po0.001, 95% CI: 0.64-1.24, Figure 2c ). Baseline age was also associated with change of RNFL in the observation period (r ¼ -0.2, P ¼ 0.05). Refractive errors, visual acuity, and visual field had no significant effects on RNFL thickness in multivariate linear regression analysis. The result was consistent with the previous result that RNFL thinning is not necessarily associated with the degree of visual impairment. 14 However, refractive error and the rate of decrease in RNFL thickness showed a weak association (r ¼ -0.30, P ¼ 0.004; hyperopic eyes showed a faster rate of Longitudinal analysis of RNFL in RP A Oishi et al 599 Eye decrease). GP score did not show significant effect on average RNFL thickness, but was associated with decrease of RNFL in the inferior sector (r ¼ 0.21, P ¼ 0.048; better GP score showed a smaller decrease of the inferior sector RNFL). Figure 2d shows the longitudinal measurements for the decrease in RNFL thickness in each patient based on the baseline age. Most patients showed a decrease in the RNFL thickness at a rate of 0 to -4 mm/year; however, 13 patients (14.8%) showed an increase in RNFL thickness. We compared these 13 patients and the rest of the subjects in age, sex, refractive error, visual acuity, and visual field score, but there was no significant differences (P ¼ 0.38, 0.20, 0.07, 0.44, and 0.14, respectively).
As we did not have healthy controls who were followed up for 5 years, we compared the previously Figure 1 Method and an example of visual field scoring in the present study. (a) We divided the visual field into concentric areas of 0-10, 10-30, and 430 degrees. Each area was further divided into quadrant sectors. When the remaining visual field occupied a sector, 1 point was assigned. When the visual field occupied more than half but not all of each sector, a score of 0.5 was assigned. (b) In the presented case, 1 point Â 4 quadrant sectors of central 10 degree, and 0.5 point Â 2 quadrants to lower 430 degree were assigned. Visual field in 10-30 degree sectors and in upper sectors of 430 degree were judged as less than half of the sector, and points were not assigned; that is, visual field score for the case was 5 points.
Longitudinal analysis of RNFL in RP
A Oishi et al Eye reported rates of decrease in RNFL thickness in normal eyes. We found four studies that examined normal subjects using Stratus OCT, and reported the rate of decrease in RNFL thickness along with 95% confidence intervals ( Table 2 ). The reported rate of decrease in RNFL thickness ranged between -0.16 and -0.26 mm/year. [19] [20] [21] [22] We calculated SDs and SEs from the reported means and 95% CIs, and we then compared the value with the present result. The regression coefficient in the present study indicated a significantly faster rate of decrease in RNFL thickness than that in these four reports (Po0.001 for all four comparisons). We also investigated the abnormal thinning and thickening noted in certain patients. At the baseline examination, abnormal thinning was noted in 1.1±1.9 sectors, whereas thickening was noted in 2.7 ± 2.6 sectors. In the present assessment, the number of sectors with abnormal thinning increased to 1.8 ± 2.2 (Po0.001), and with thickening decreased to 2.4 ± 2.3 with nonsignificant P-value (P ¼ 0.057).
Discussion
The present study investigated time-dependent changes in RNFL thickness in RP patients. The average RNFL thickness decreased by 7.1% in B5 years in these patients, and the rate of RNFL thinning was higher than that previously reported in healthy subjects.
The linear regression model showed a decrease in RNFL thickness of 0.94 mm/year in the RP patients, which was similar to that previously reported (-0.65 mm/ year within the 95% CI in the present study) using a different OCT model. 15 However, longitudinal RNFL thickness measurements demonstrated that RNFL thickness in RP patients decreased at a rate of 1.63 mm/ year. A similar discrepancy in longitudinal measurements and linear regression coefficient measurements for RNFL thickness was recently reported in normal subjects, 17 suggesting that applying the linear regression model may not always be valid for evaluating RNFL thinning in RP patients. Leung et al 17 clarified that age-related changes in individuals should be determined from longitudinal data and not based on the extrapolation of cross-sectional data; 17 this can also be applied in the present case.
The RNFL thinning did not progress equally in each quadrant. The sectoral difference was already reported in normal subjects, but it is not consistent as to which quadrant significantly decreases with age. 17, 19, 21 In the present study, inferior and superior sector showed significant thinning, but nasal and temporal sector did not. In addition, association between visual field score and RNFL decrease rate was found only in the inferior quadrant, implying the correlation between disease stage and progression pattern of RNFL thinning. Sectoral difference can be an important issue when considering the site of visual prosthesis implantation or cell transplantation. It should be further investigated.
Abnormal thickening as well as thinning of the RNFL has been previously reported in RP patients. 5, 11, 12 In fact, some patients showed thick RNFL at baseline and after the follow-up. However, the number of sectors with thinning or thicknening also showed the trend of thinning; the number of sectors with RNFL thinning increased, whereas that with RNFL thickening tended to decrease. These findings suggest that abnormal RNFL thickening certainly occurs in RP patients; however, the overall RNFL thickness continues to decrease over time. If patients are examined over longer follow-up periods or only in advanced stages, a predominance of abnormal thinning may be noted with no findings of RNFL thickening. Although the patients whose RNFL thickness increased during the follow-up period did not show specific characteristics in the present study and the change can be a variability of the measurement, investigating which patients and when these patients show thickening of RNFL would be of interest as it would highlight the pathological process of RP in the retinal cells other than photoreceptors.
RNFL thickness is reported to be affected by signal strength, with low signal strength being associated with RNFL thinning. 23, 24 Generally, obtaining good-quality OCT images in RP patients is more difficult than that in normal subjects due to cataract, vitreous opacity, unstable fixation, and so on. Increasing patient age and disease progression render obtaining of OCT images even more difficult. In the present study, 15 patients were excluded due to signal strength o6 or the presence of evident artifacts. Moreover, the average signal strength of the included patients was also observed to have Eye decreased in comparison to the baseline. According to the linear regression analysis, around 1 mm of the decrease observed in the present study could be explained by the change of signal strength.
In the present study, we used the Stratus OCT instead of a later model. Although the latest models of spectral domain OCT provide better resolution and higher reproducibility, 16 previous reports comparing measurements from these models showed that the results from differing models, although highly correlated, are not interchangeable. [25] [26] [27] [28] As the Stratus OCT was used in our previous study of the same study population, we used the same model for the present study. The Stratus OCT does not have an eye-tracking system and automated registration. In addition, acquisition of fundus image is done after the OCT measurement is finished, thus, the placement of scan circle is not completely precise. These limitations in variation of measurement should be noted. We now examine patients with spectral domain OCT, and longitudinal analyses in the future will be based on the result from the latest OCT models.
The present study was limited by its non-prospective design and lack of normal control subjects, as we did not have access to healthy subjects who were followed up for 5 years; this is probably the case for most institutions. Age-, gender-, and ethnicity-matched control would provide more robust conclusion. A prospective study that strictly compares the rates of change in RNFL thickness between normal controls and RP patients is required in the future.
The results of the present study demonstrated progressive age-related loss of RNFL thickness in RP patients based on a longitudinal analysis of OCT images. Our results indicate that the integrity of the inner retina should be carefully evaluated in each RP patient before determining the therapeutic strategy. What this study adds K RNFL in patients with RP becomes thin at a rate faster than the normal subjects.
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